Aims. We report on the recent observations of the supernova remnant SNR 1987A in the Large Magellanic Cloud with XMM-Newton. Carefully monitoring the evolution of the X-ray light curve allows to probe the complex circumstellar medium structure observed around the supernova progenitor star. Methods. We analyse all XMM-Newton observations of SNR 1987A from January 2007 to December 2011, using data from the EPIC-pn camera. Spectra from all epochs are extracted and analysed in a homogeneous way. Using a multi-shock model to fit the spectra across the 0.2-10 keV band we measure soft and hard X-ray fluxes with high accuracy. In the hard X-ray band we examine the presence and properties of Fe K lines. Our findings are interpreted in the framework of a hydrodynamics-based model. Results. The soft X-ray flux of SNR 1987A continuously increased in the recent years. Although the light curve shows a mild flattening, there is no sudden break as reported in an earlier work, a picture echoed by a revision of the Chandra light curve. We therefore conclude that material in the equatorial ring and out-of-plane H ii regions are still being swept-up. We estimate the thickness of the equatorial ring to be at least 4.5 × 10 16 cm (0.0146 pc). This lower limit will increase as long as the soft X-ray flux has not reached a turn-over. We detect a broad Fe K line in all spectra from 2007 to 2011. The widths and centroid energies of the lines indicate the presence of a collection of iron ionisation stages. Thermal emission from the hydrodynamic model does not reproduce the low-energy part of the line (6.4-6.5 keV), suggesting that fluorescence from neutral and/or low ionisation Fe might be present.
Introduction
SNR 1987A is one of the most studied objects in the southern sky. Because of its location in the Large Magellanic Cloud (LMC) at a distance of 50 kpc, it can be resolved at radio, optical, and even X-ray wavelengths. X-ray observatories such as ROSAT, Chandra and XMM-Newton have frequently observed SNR 1987A, offering a unique opportunity to follow the early evolution of an SNR.
The most important feature of the soft X-ray light curve (between 0.5 and 2 keV) has been the upturn observed about 6 000 days after the explosion (Park et al. 2005) , interpreted as the beginning of the interaction of the blast wave with an "equatorial ring" (ER) of denser material around the progenitor star (see for instance Fig. 7 in Sugerman et al. 2002) . The ER is likely to have been formed by the interaction between the stellar winds emitted by the progenitor star during its red supergiant and blue supergiant phases (e.g. Chevalier & Dwarkadas 1995) , although binary merger models also exist to explain such a structure (e.g. Morris & Podsiadlowski 2007) . Monitoring the evolution of the X-ray light curve allows to probe the structure of the ring and to constrain the late stages of the progenitor. Dewey et al. (2012, hereafter D12) presented simple hydrodynamic models that reproduce the soft and hard X-ray light curves; the models ⋆ Based on observations obtained with XMM-Newton, an ESA science mission with instruments and contributions directly funded by ESA Member States and NASA. show the soft X-ray flux behaviour for both the case where the forward shock has left the ER and the case where the ER is still being shocked (the "thin" and "thick" cases in their Figure 12) . Park et al. (2011, hereafter P11) presented recent Chandra observations (up to September 2010). Owing to the apparent flattening of the soft X-ray light curve, these authors concluded that SNR 1987A had reached a new evolutionary phase, where the blast-wave has passed the main body of the ER and is now interacting with matter with a decreasing density gradient. However, Helder et al. (2012, hereafter H12) used the revised ACIS calibration to analyse all Chandra observations (including new ones, up to March 2012). They concluded that the sudden break reported by P11 was only a calibration effect.
In this Letter, we present our latest XMM-Newton monitoring observations (Sect. 2). We focus first on the evolution of the Xray flux (Sect. 3), then report the detection of Fe K lines (Sect. 4). Discussion and conclusions are given in Sect. 5.
Observations and data reduction
The X-ray photons from SNR 1987A were amongst the first XMM-Newton detected in January 2000. This observation and two others from 2001 and 2003 were analysed by Haberl et al. (2006) . We then started a yearly monitoring of SNR 1987A, from Januray 2007 (Heng et al. 2008 to December 2011. The high-resolution Reflection Grating Spectrometer (RGS) data taken up to January 2009 are presented in Sturm et al. (2010) . Here we homogeneously (re-)analyse all observations from 2007 to 2011, three of which have not been published so far. We mainly use data from the EPIC-pn camera (Strüder et al. 2001) , operated in Full-Frame mode with medium filter. Details of the observations are listed in Table 1 . We processed all observations with the SAS 1 version 11.0.1. We extracted spectra from a circular region centered on the source, with a radius of 25
′′ . The background spectra were extracted from a nearby point sourcefree region common to all observations. We selected single-pixel events (PATTERN = 0) from the pn detector. We rebinned the spectra with a minimum of 20 counts per bin in order to allow the use of the χ 2 -statistic. Non-rebinned spectra were used with the C-statistic (Cash 1979) for the study of Fe K lines (see Sect. 4), because of the limited photon statistics above 6 keV. The spectral fitting package XSPEC (Arnaud 1996) version 12.7.0u was used to perform the spectral analysis.
X-ray light curve
To measure the X-ray flux of SNR 1987A, we fitted the EPICpn spectra with a three-component plane-parallel shock model (called vpshock in XSPEC, where the prefix "v" indicates that abundances can vary), using neivers 2.0. This is the same model as the one used by D12 for Chandra and XMM-Newton spectra, with a fixed-temperature component (kT = 1.15 keV), although we did not use a Gaussian smoothing. This model gives slightly better fits than when using a two-component model(e.g. Park et al. 2004; Heng et al. 2008) . The high and low-temperature components are believed to originate from the interaction of the shocks with uniform material and denser clumps in the ER, respectively (D12). Another interpretation is that the high-temperature component comes from plasma shocked a second time by a reflected shock (Zhekov et al. 2006) .
For elemental abundances, we followed the same procedure as in Haberl et al. (2006) : N, O, Ne, Mg, Si, S and Fe abundances were allowed to vary but were the same for all observations, whereas the He, C, Ar, Ca and Ni abundances were fixed. The systemic velocity of SNR 1987A (286 km s −1 , e.g. Gröningsson et al. 2008 ) was taken into account by choosing the redshift accordingly.
For the absorption of the source emission, we included two photoelectric absorption components, one with N H Gal = 0.6 × 10 21 cm −2 (fixed) for the Galactic foreground absorption (Dickey & Lockman 1990 ) and another one with N H LMC (free in the fit) for the LMC. Metal abundances for the second absorption component are fixed to the average metallicity in the LMC (i.e., half the solar values, Russell & Dopita 1992) . All spectra share the same N H LMC . We simultaneously fitted the six spectra using energies between 0.2 and 10 keV. For consistency with the detection of Fe K lines (see Sect. 4), we included an additional (Gaussian) line to the model for the spectra obtained after 2007. The central energies and widths of the lines were fixed to the values found in the detailed analysis (Sect. 4). Only the normalisation of each line was let free.
The fit was satisfactory, with χ 2 = 4125.06 for 3443 degrees of freedom. Although detailed spectral fits are not the focus of this study, we found that (i) the best-fit N H LMC was 3.09 +0.07 −0.08 ×10 21 cm −2 , corresponding to a total absorption column of 3.7×10 21 cm −2 , somewhat higher than found using the grating instruments aboard Chandra and XMM-Newton (Sturm et al. 2010; Zhekov et al. 2006) , (ii) the abundance pattern is in line with the one reported by Sturm et al. (2010) and D12, (iii) the temperature of the cool component increased only slightly from 0.34 to 0.38 keV, while its normalisation remained constant, and (iv) the temperature of the hot component is always in excess of 3.5 keV, and its normalisation and contribution steadily increased. We measured the soft (0.5-2 keV) and hard (3-10 keV) fluxes at all epochs, using the XSPEC flux command. We list the results, with 3σ uncertainties (99.73 % confidence level, C. L.) in Table 1 . Note that as customary for SNR 1987A we give absorbed fluxes, so comparisons between various observatories are easier (because they do not depend on the column densities obtained from the fit). The fluxes up to January 2009 are fully consistent with the results from Heng et al. (2008) and Sturm et al. (2010) which used the same data.
We included these results in the X-ray light curve shown in Fig. 1 . Older XMM-Newton fluxes are taken from Haberl et al. (2006) . We show the Chandra measurements with the old calibration (P11) and the newest one (H12). We also add the results from Suzaku observations (Sturm et al. 2009 ).
Within their respective errors, XMM-Newton, Chandra, and Suzaku measured soft and hard X-ray X-ray fluxes which agree very well. P11, using the ACIS calibration available at that time, stated that the soft X-ray flux from SNR 1987A has been nearly constant after day ∼ 8000. Obviously XMM-Newton observed a source that was not constant, although we do observe a mild flattening of the light curve. The increase rates of the soft Xray flux (last column of Table 1 ) vary from one year to another, showing that the evolution of the X-ray flux is not smooth. One should therefore be cautious when claiming a steepening or flattening of the light curve and wait for a longer baseline.
The discrepancy between Chandra and XMM-Newton measurements after day 8000 is reconciled by H12, using the revised Chandra calibration. They concluded that the apparent break in the soft X-ray light curve (P11) was mainly due to build-up of contamination on the ACIS optical blocking filters.
Fe K lines
The superior high-energy effective area of XMM-Newton (∼ 900 cm −2 at 6.4 keV vs. ∼ 200 cm −2 for Chandra) allows the study of Fe K lines with the EPIC cameras, at energies between 6.4 and 6.7 keV, i.e. out of the range covered by RGS. Heng et al. (2008) noted a possible detection of an Fe Kα line in the spectrum obtained in 2007, but the insufficient statistics precluded a more detailed analysis. In the coadded spectra from 2007 to January 2009, Sturm et al. (2010) identified a line at 6.57 ± 0.08 keV.
We analysed the presence and properties of Fe K lines in all the monitoring observations (Table 1) . We fitted the non-rebinned spectra with a bremsstrahlung continuum and a Gaussian line, making use of the C-statistic to take into account the limited number of counts in each bin. We performed F-tests to evaluate the significance of the line in each observation : we found a detection more than 3σ (respectively 4σ) significant in the data from and 2011 (respectively December 2009 and 2010 . The January 2009 observation, having a slightly shorter exposure due to longer high background activity periods, still yields a 2σ detection. We found only a marginal (1σ) detection in the 2007 spectrum, in agreement with previous studies. We show the lines in the three unpublished spectra in Fig. 2 . The plasma temperatures of the bremsstrahlung continua range from kT = 2.75 to 3 keV, and the emission measures follow the increasing trend of the hard X-ray flux. Line properties are given in Table 2 for all observations except the one from 2007.
No evolution of the line central energy is found within the uncertainties, but our spectra suffer from limited statistics. The energy of the Fe K line depends on the ionisation stage of iron, increasing from 6.4 keV for Fe ii, to 6.7 keV for Fe xxv (Makishima 1986; Kallman et al. 2004) . The spectral resolution is only ∼ 160 eV (Strüder et al. 2001 ), so we are not able to resolve possible contributions from different Fe ions present in the X-ray emitting plasma. Therefore, the large measured widths of the lines in our spectra are most likely a sum of lines (which might be Doppler-broadened) from several Fe ions, convolved with the instrumental response of the camera. The weighted average of the emission-line centroids (6.60 ±0.01 keV) and the typical widths (∼ 100 eV) indicate the presence of ionisation stages from Fe xvii to Fe xxiv. This is consistent with the detection of lines from Fe xvii to Fe xx in the RGS spectra (Sturm et al. 2010) , and the detection of a Fe xxii-Fe xxiii blend in the Chandra High Energy Transmission Grating spectra . The flux in the iron line indicates an increase around day 8000, and a decrease afterwards. However, given the large (statistical) errors in the flux measurements, we cannot exclude the possibility that the flux of the line remained constant in the last three years. Since the hard continuum steadily increased during that period of time, the equivalent width of the line decreased in the last observations (Table 2) .
Discussion and Conclusions
Our monitoring campaign with XMM-Newton since 2007 is ideally suited to follow the evolution of SNR 1987A : (i) we used the same intrument setting (observing mode, filter, readout time); (ii) we extracted the spectra in the same regions and (iii) we used the same model for all the spectra. The high throughput of XMM-Newton results in a high statistical quality of our spectra. This allows high-confidence flux measurements with relatively small errors and free of cross-calibration issues due to different observing modes.
Our light curve shows a continuous increase of the soft Xray flux of SNR 1987A, indicating that no turn-over has been reached yet and that the blast wave is still propagating into dense regions of the ER. To further constrain the thickness of the ER, given the continuous increase of the soft X-ray flux, we use the "2 × 1D" hydrodynamical model from D12. The recent XMMNewton and Chandra measurements point towards a thickness of at least 4.5 × 10 16 cm (0.0146 pc) for the ER, and each year of continued flux increase requires an additional ER thickness of ∼ 0.53 × 10 16 cm (0.0017 pc). The high-energy collective power of XMM-Newton allows us to detect and characterise the Fe K lines from SNR 1987A. We find that the energies and the widths of the lines imply the presence of a collection of ionisation stages for iron. To investigate which model component is most responsible for the Fe K lines, we use the best-fit three-shock model (switching off the Gaussian line) and using the NEI version 1.1, as it includes low ionisation stages (below He-like ions), which allows to probe the whole range of energy between 6.4 and 6.7 keV as function of kT and τ (see Fig. 3 in Furuzawa et al. 2009 ). As expected, we find that only the high-temperature component significantly contributes to the hard continuum and the line. When including emission from ions below He-like iron, the shapes and fluxes of the lines from the high-temperature component (Fig. 3) fail to reproduce the data. There is need for lower ionisation stages to explain the excess observed at ∼6.55 keV. This points to the presence of shocked material with shorter ionisation ages τ. In the framework of the hydrodynamics-based model from D12, we find that the main contribution to the Fe K emission therefore comes from the out-of-plane material ("H ii region"), which has temperature and ionisation age producing emission in the 6.55-6.61 keV range. Another possibility for the low-energy emission (∼ 6.4 keV) is fluorescence from near-neutral Fe, including Fe in the unshocked ejecta. Material in the dense ER clumps, on the other hand, has a temperature too low to significantly contribute to the line.
Following the evolution of the Fe K line fluxes and centroid energies is crucial to constrain their origin. Next-generation instrumentation, such as the X-ray calorimeter aboard Astro-H will be able to resolve lines from different Fe ions, thus providing even deeper physical insights.
The calibration issues encountered by the Chandra team show how important it is to use both observatories to monitor such an important source. To follow the evolution of the light curve and of the iron lines, subsequent observations of SNR 1987A with XMM-Newton are highly desired.
